Abstract-Our study was
Hypoxia reduces the action potential duration (APD), contractile force (CF), and tissue ATP level of cardiac ventricular muscle (1, 2). It was proposed that the shortening of APD is related to the slow channel system (3). The slow inward current predominantly carried by Ca" and passing through the slow channel system is re sponsible for the plateau component of the normal action potential (4). This slow inward current can be investigated by several methods. A simple approach is to use the preparations whose fast sodium channels are blocked by tetrodotoxin or by elevated external potassium. In this preparation, many cardiotonic agents, including catecholamines, induce slowly-rising action potential (5). These slow responses are solely dependent on the slow inward current carried through the slow channels, and this response can be used as an index of the slow inward current. By this type of approach, it was hypothesized that the slow channels are dependent upon energy (6). The energy-dependency of the slow channels were also suggested later by voltage clamp techniques (7). According to this hypothesis, the shortening of APD by hypoxia can be explained as a result of the inhibition of the slow inward current responsible for the plateau component.
On the other hand, an outward current of unknown nature increases significantly when cardiac cells are treated with cyanide or subject to hypoxia, and it decreases on intra cellular injection of ATP (8, 9). It has been suggested that the effect of hypoxia on the inhibition of the electrical and mechanical function may be due not only to a decrease in the slow inward currents but also to other factors.
Many investigations were made separately on the effects of hypoxia on the electrical or mechanical activity of cardiac muscle. The effect of drugs on a model of heart damage, hypoxia/reoxygenation of isolated guinea pig hearts has been scarcely examined.
Therefore, to further elucidate the effect of hypoxia on the isolated myocardium, the present study was performed.
TEA significantly prevented the decline of APD in hypoxia.
To our knowledge, this is the first report of an action of TEA on hypoxic cardiac muscle.
Materials and Methods
Male guinea pigs (250-350 g) were sacrificed with a sharp blow and the hearts were quickly dissected out. Appropriate papillary muscle preparations were obtained from right ventricles. To record the electrical and mechanical activities simultaneously, a papillary muscle was mounted horizontally in the organ bath containing 30 ml of physiological salt solution maintained at 37±0.5°C. The root of the papillary muscle was pinned down on silicon rubber placed in the organ bath, and the tendon was tied with silk thread to a stainless steel rod connected to the head of a force displacement transducer (Nihon Kohden, Model TB611T). Electrical field stimulation of rectangular current pulses with 5 msec duration was applied through bipolar platinum plate electrodes at a fre quency of 1 Hz. Resting tension producing the maximum contractile force was usually 100 to 300 mg. Transmembrane potentials were recorded with conventional glass micro electrodes filled with 3 M KCI. The electrical activity was displayed on a dual beam cathode ray oscilloscope (Nihon Kohden, Model VC9) after passing a microelectrode preamplifier with capacity neutralization (Nihon Kohden, Model MEZ810). Isome trically measured contractile force was also displayed after passing a carrier amplifier (Nihon Kohden, Model AP600G).
Normal physiological salt solution (Ringer  solution) had the following composition (mM): NaCI, 135; KCI, 5; CaC12, 2; MgC12, 1 ; NaHCO3, 15 and glucose, 5.5. To investigate the slow response, the fast Na+ channels were inactivated by elevating the external potassium concentration to 30 mM; equimolar NaCl was substituted to maintain the osmolarity constant. Since we intended to examine the effects of drugs on the hypoxia induced changes in the slow response as described later, we induced slow responses without adding any agent in the depolarized myocardium. As shown in the figures, slowly rising but overshooting action potentials were elicited by a strong electrical stimulation in the myocardium depolarized to about -40 mV. This slow response was not modified by the beta-adrenergic blocking agent sotalol. The Ringer solution was bubbled with an oxygen mixture (95% 02-5% C02), which was called the normal condition or normoxia. Hypoxia was produced by introducing the nitrogen gas mixture (95% N2-5% C02) Therefore, the word "hypoxia" used in the present paper indicates the condition where the Pot of the solution is less than that at the "normal condition" (95% 02-5% C02), and it does not reflect the hypoxic condition in situ. In several experiments, pH of the solution was continuously monitored, and it was confirmed to be kept at 7.4 during all experiments.
Reoxygenation was begun 60 min after hypoxia. The electrical and mecha nical activity was not significantly altered during 2 hr in the normal condition.
The drugs used were tetraethylammonium chloride (Wako, Tokyo), verapamil (Eisai ,  Tokyo) and A23187 (Sigma, MO). Ab breviations were as follows. RP: resting potential, OP: overshoot potential, AMP: total amplitude of the action potential, APD50: 50% duration of the action potential (time to repolarize to the level of 50% of the total height of the action potential), APD90: 90% duration of the action potential, and CF: contractile force as expressed by the % of the control contractile force before the start of the experiment.
Results are reported as the mean±S.E., with significance determined by the paired or nonpaired Student's t-test; P values of <0.05 were considered significant for differences.
Results

General observations:
The effects of the K+ channel blocker TEA, the Ca" ionophore A23187, CaCI2 and the slow Ca" channel blocker verapamil on the action potential parameters and the mechanical activity during normoxia were examined in guinea pig right ventricular papillary muscle (Table 1 and Fig. 1 ). Resting and overshooting potentials and thus the action potential amplitude were not significantly modified by all of these drugs. TEA, A231 87 and CaCI2 produced a marked positive inotropic effect with con comitant decrease in APD50 and APD90. Verapamil, 2x10-6 M, did not produce significant changes in the action potential parameters but decreased CF. As shown in Fig. 4 , 2 X 10-6 M verapamil abolishes com pletely slow responses.
Twenty mM TEA, 6.9 x 10-6 M A23187 and 6 mM CaCI2 produced the same changes in CF. Thus, we examined the effects of 20 mM TEA, 6.9 X 10-6 M A23187, 6 mM CaCI2 and 2x10-6 M verapamil on a model of heart damage, hypoxia/reoxygenation of isolated guinea pig heart. (Figs. 1 and 2 ). After 60 min incubation, APD50, APD90 and CF had declined to 29%, 39% and 3% of the control values, respectively. After 15 min of reoxy genation, both APD50 and APD90 quickly returned to the control level; on the other hand, partial restoration in CF was observed. The figures give one point after reoxygenation and give the appearence that recovery is still proceeding at a rapid rate at the end of 15 min-reoxygenation. This is not so, but recovery has reached an asymptote.
Effects of TEA, A23187, CaCI2 and verapamil: Hypoxia was begun 15 min after the addition of each drug, and the effects of hypoxia and reoxygenation in the presence of the drug on isolated guinea pig papillary muscle were examined (Table 1 and Fig. 1 ). The rate of shortening of the action potential during hypoxia was not significantly retarded by the addition of A231 87, CaC12 or verapamil. In contrast, the decrease in APD50 and APD90 in the TEA-treated muscle was significantly less than that in the non-treated muscle (Table 1 and Fig. 2 ). When 20 mM TEA was present before and during hypoxia, there was only a slight decrease in APD50 and APD90 during the 60 min observation period. However, CF in the TEA-treated muscle declined to nearly zero within 30 min. The resistance in APD did not affect the rate of inhibition of mechanical activity.
Further, we attempted to assess the ability of TEA to influence the recovery of APD50, APD90
and CF following reoxygenation. Fig. 2 . Effects of 20 mM TEA on the time course of inhibition and restoration of APD50 and CF during hypoxia and reoxygenation. APD50 and CF were normalized by expressing them as a percentage of the hypoxia-starting material. TEA was incubated with the tissues for 15 min before beginning the hypoxia experiment. Note the small decrease in APD50 in the presence of 20 mM TEA during hypoxia, whereas CF declined to 0% of the control. Reoxygenation was begun 60 min after hypoxia. In the majority of the experiments, arrhythmia was observed in the TEA-treated muscle within 15 min of reoxygenation. Vertical bars are the S.E. of the mean. "P<0.05 as compared to effects seen in the absence of TEA.
Our results with the reoxygenation studies were rather variable and difficult to assess. Upon returning to the control condition after 60 min of hypoxia, arrhythmias were observed in the TEA-treated muscle within 15 min. The non-treated muscle did not demonstrate generation of arrhythmia at 1 5 to 20 min after reoxygenation.
The addition of 20 mM TEA after 30 min of hypoxia markedly prolonged the repolari zation phase (Fig. 3) . During prolonged hypoxic incubation of up to 60 min, the muscle maintained an APD50 of about 45% of the control. It seems likely that the decrease in APD in the TEA-treated muscle was less than that in the nontreated muscle. On the other hand, CF transiently increased by the addition of 20 mM TEA in hypoxia continued to decline precipitously to zero. Hypoxia inhibition of the slow response: Slow response elicited by a strong electrical stimulation in the depolarized myocardium was abolished after 60 min of hypoxia (Fig.  4) . Experiments were carried out to test whether the rate of hypoxia blockade of the slow response was affected by the presence of 20 mM TEA (Figs. 4 and 5) . The decline in APD50 of slow responses in the presence of TEA was similar to those in the absence of the drug during hypoxia.
APD50 in the absence and presence of TEA under the control condition was 48.7±7.0 msec (n=4) and 105.6±12.3 msec (n=4), respectively. Although the slow response and con comitant contraction were also augmented by A231 87 and CaCl2 as well as TEA, either A231 87 or CaCl2 did not significantly modify the hypoxia-induced changes in slow responses (Fig. 4) . We investigated the effects of several drugs on guinea pig ventricular muscle in hypoxia. TEA significantly prevented the decline in APD during hypoxia, but this resistance in APD did not affect the rate of inhibition of mechanical activity. Neither the Ca" ionophore A23187, the Ca" channel blocking agent verapamil nor CaCl2 was effective in protecting against the effects of hypoxia on the action potential. muscular transmission. The changes in electrical activity induced by TEA in the present experiment may be the result of a decrease in potassium and an increase in calcium conductance.
On the basis of the data presented, we can not explain whether the latter effect is dependent or independent of the action on potassium channel. Glucose or alkaline pH also shows the rate of decay in APD during hypoxia (1, 12). However the protective effects of TEA, glucose and alkaline pH on the shortening of the action potential during hypoxia is due to their different mechanisms.
TEA produced a marked positive inotropic effect with concomitant decrease in APD. The slow responses study suggests that there is a substantial Ca" influx that is responsible for this mechanical activity. Further studies are needed to elucidate the mechanisms underlying the shortening of the action potential in the presence of TEA. Maintenance of the action potential plateau in cardiac muscle is clearly dependent on a fine balance between the inward and outward currents. A231 87 and CaCl2 as well as TEA augmented the slow responses, whereas they also tended to reduce APD. Although 20 mM TEA altered APD50 and APD90 under the normal condition, the electrical activity determined 15 min after its administration did not change substantially for at least 30 min in the oxygenated medium (data not shown). Hypoxia or ischemia reduces APD, CF and the tissue ATP level of ventricular muscle (1, 2). Two possibilities are con sidered for explaining the decrease in APD of the hypoxic muscle. (1) The reduced action potential of hypoxic muscle has been related to a decreased inward current (6, 13). The slow channels (the slow inward current), in comparison with the fast Na+ channel (the fast inward current), are energy dependent (6). (2) Vleugels et al. (8) reported that shortening of the cardiac action potential in hypoxia results from but also an increase in the K+ outward current, not only a decrease in the inward current. The present data on TEA-treated hypoxic muscle support the latter explanation. TEA did not prevent the decline in the duration of the slow response. We believe that the shortening of the action potential consists of at least two components, one determined by a decrease in the amplitude of the slow inward current and the other by an increase in outward current. The relationship between the K+ conductance and the ATP level is not yet known. Recently Noma proposed that the ATP-sensitive K+ channel seems to be important for regulation of cellular energy metabolism in the control of membrane excitability (9). Further work on this point will be required.
Figures 2 and 3 are apparently in agree ment with our previous report that changes in CF coincided with changes in the ATP level (14). Hypoxia may reduce the ATP level in not only the absence, but also the presence of TEA. Transient increase in CF produced by the addition of TEA after 30 min of hypoxia may be due to transient increase in slow inward current. The increased slow inward current that is energy-dependent may continue to decline during hypoxia.
Normally quiescent tissues, i.e., ventricular muscle or atrium, can show spontaneous activity when they are exposed to arrhy thmogenic agents. For example, the slope of diastolic depolarization responsible for the Ba++-induced automaticity can be explained by the deactivation of the delayed current (iX or ik) (15, 16) and the concomitant activation of the slow inward current (is;) (15) . Upon returning to the control condition after 60 min of hypoxia, there may be a marked and rapid increase in is;. Hypoxia or metabolic inhibitors produced a significant decrease in iS; (3, 7). Thus, the change in electrical activity induced by TEA plus a rapid increase in is; may induce ventricular arrhythmia within 15 min of reoxygenation. Corr et al. (17) 
